We investigate the thermal conductivity of four types of deformed carbon nanotubes by using the nonequilibrium molecular dynamics method. It is reported that various deformations have different influence on the thermal properties of carbon nanotubes. For the bending carbon nanotubes, the thermal conductivity is independent on the bending angle. However, the thermal conductivity increases lightly with XY-distortion and decreases rapidly with Z-distortion. The thermal conductivity does not change with the screw ratio before the breaking of carbon nanotubes but decreases sharply after the critical screw ratio.
However, no investigations address on the quantitative relationship between the imperfect parameter and the thermal conductivity of CNTs.
In this work we first study the thermal conductivity of four types of deformed carbon nanotubes by using the nonequilibrium molecular dynamics method. Four typical parameters, i.e., the bending angle θ, the screw ratio β/Z 0 , the stretch factor Z ′ /Z 0 and ellipse ratio e, are defined to describe the deformed degrees of CNTs. By calculating the thermal conductivity of CNTs in various deformed parameters, we try to get the relationship between the thermal conductivity and the deformed parameters, which will be of significance to understand the role of the deformation in the thermal properties of CNTs. Figure 1 depicts four typical deformed carbon nanotubes. Fig.1(a) shows a normal carbon nanotube. In our simulations, the nanotubes are deformed from two types (zigzag (7,0) and armchair (7, 7) ) carbon nanotubes with the normal length Z 0 =18 nm. Fig.1(b) illustrates a bending carbon nanotube with a bending angle θ, here θ is the intersection angle between the normal direction of the two end sections of the tube. If twisting the nanotube around the Z-axial direction, one can obtain a twisted nanotube. As shown in Fig.1(c) , the screw distortion is denoted to the ratio of the twisted angle (β) to the length of the nanotube (Z 0 ). Z-distortion is the tension and compression along Z-axial direction. As shown in Fig.1(d) , the stretch factor is Z´/Z 0 , where Zá nd Z 0 are respectively the length of the distortion nanotube and the normal nanotube. Normally, the width of X-axial direction of the carbon nanotube equals to that of Y-axial direction. When applying a force on X-or Y-direction, the nanotube will become a XY-distortion nanotube. As illustrated in Fig.1(e) , for XY-distortion nanotube, the ellipse ratio 14 , also called the eccentricity of an ellipse, usually denoted by e, is the ratio of the distance between the two foci, to the length of the one axis or e = 2f /2a = f /a = f /Y . 
where p i is the momentum and F i is the force applied on the i-th atom. Q = 3N k B T 0 τ 2 /2, where τ is the relaxation time, which is kept as 1ps. γ is the dynamic parameter of the thermostat, T (t), which is defined as
, where v(t) is the time-dependent velocity, is the instant temperature of the heat baths at time t. T 0 (T H or T C ), the set temperature of the heat baths, are placed at the two ends of a carbon nanotube and the temperature difference is denoted as ∆T = T H − T C . For the convenience of comparison, here we set
which are near the room-temperature. In order to keep the shape of the deformed nanotube in the simulations, we use fixed boundary conditions in the two ends of the nanotube. The fixed region and the heat baths occupy four layers and eight layers of atoms, respectively. N is the number of the atoms in the heat baths, k B is the Boltzmann constant and m is the mass of the carbon atom.
These equations of motion are integrated by Verlet method 19 . The time step is 0.50 f s, and the simulation runs for 2 × 10 7 time steps giving a total molecular dynamics time of 10 ns. Generally, T (t) can stabilize around the set value T 0 after 1 ns. Time averaging of the temperature and heat current is performed from 5 to 10 ns. The heat bath acts on the particle with a force −γp i ; thus the power of heat bath is −γp 2 i /m, which can also be regarded as the heat flux from heat bath. The total heat flux injected from the heat bath to the system can be obtained by 18
where the subscript i runs over all the particles in the thermostat. The final thermal conduction is calculated from the well-known Fourier's law κ = Jl/(∆T ch), in which l, c, and h (=0.34nm)
are the length, perimeter and thickness of the carbon nanotubes, respectively.
In order to investigate the chirality dependence of the thermal conductivity, (7,0) and (7, 7) deformed CNTs are studied simultaneously in our simulations. There are 1197, 2072 atoms, respectively in the (7,0) and (7,7) CNTs. The deformed parameters of the CNTs include the bending angle, the screw ratio, the stretch factor and the ellipse ratio.
First, we calculate the thermal conductivity of the bending zigzag and armchair CNTs. Figure   2 shows that the thermal conductivity alters slightly with the bending angle not only for zigzag tubes but also for armchair tubes. At the ranges of bending angle from 2 to 50 degrees, the values of thermal conductivity change respectively from 1689 to 1734W/mK for zigzag CNTs, and from 2263 to 2400W/mK for armchair CNTs. The fluctuation respectively ranges less than 2.6% and 5.7%. The result shows that the thermal conductivity is independent on the bending angle in the range of error.
We have also investigated the twisted CNTs and found that the screw ratio has no significant influence on the thermal conductivity at the small range of its value. As shown in Fig. 3 , for armchair tubes, the thermal conductivity does not change with the screw ratio within the critical value β/Z 0 = 3.0 deg/nm. For zigzag tubes, the critical value is about 15.0 deg/nm. Different behaviors between the zigzag and armchair graphene (or nanotubes) have also been studied by the use of classical as well as quantum molecular dynamics method 20, 21 . In these studies, it is suggested that the critical loading of the zigzag graphene is larger than that of the armchair graphene. Our result exactly, at the view of thermal transport, confirmed that the zigzag CNTs Generally, when the CNTs is twisted (before break off), the chirality of tubes changes and then the atom chains are not parallel to the axis, instead they are in a helix. The vibration of the atoms in deformed nanotubes is apt to have a long path, which causes the low thermal conductivity of deformed nanotubes 22, 13, 11 . On the other hand, the ballistic transport is the mainly thermal transport mode for the CNTs at this temperature and length 23, 24 . Since the length of CNTs is invariable when being twisted, the thermal conductivity keeps on a certain value just before the CNTs' break off.
When the screw ratio goes over the critical value, the tubes are breaking, as shown in Figs. 4(b), (d) and (e), an junction occurs in the middle of the tubes, which will increases the resistance of the thermal transport greatly, and then the thermal conductivity drops rapidly.
The thermal conductivity of the Z-distortion as well as the XY-distortion CNTs are also studied. Figure 4 illustrates that not only the tension but also the compression can decreases the thermal conductivity of CNTs strongly. When the stretch ratio Z′/Z 0 = 0.9, the thermal conductivity decreases to 45% and 56% of the normal value for armchair and zigzag CNTs, respectively. This phenomenon can be explained to negative influence of the stretching on the full optimization of CNTs. For XY-distortion CNTs, as displayed in Fig.5 , the thermal conductivity increases slightly when the ellipse ratio is lower or larger than 1. The section area increases as the shape of the CNTs changes from circle to ellipse, which helps the improvement of the thermal conductivity.
Here we have to point out that all deformed parameters set in our calculations are small enough to guarantee against the occurrence of CNTs' snap. For large deformed CNTs, the CNTs will go to a mechanical critical state, and then it is difficult to describe the deformed degrees of CNTs accurately. On the other hand, the temperature we use in the paper is the temperature (T M D )
calculated from the classical MD, which can be corrected by taking into account the quantum effects FIG. 5: Thermal conductivity of (7,0) and (7,7) Z-distortion carbon nanotubes. FIG. 6: Thermal conductivity of (7,0) and (7,7) XY-distortion carbon nanotubes.
of phonon occupation, using the expression
x 2 /(e x − 1) dx, where T and T D (322 K) are the corrected temperature and Debye temperature, respectively 17 .
In summary, we have studied the thermal conductivities of four typical deformed CNTs, using the nonequilibrium MD method based on the Tersoff-Brenner potential. We observed the deformation dependence of the thermal conductivity of CNTs. The thermal conductivity of the bending CNTs does not change with the bending angle. Before the breaking of CNTs, the thermal conductivity is independent on the screw ratio. When the twisting goes over the mechanical criticality, the thermal conductivity decreases rapidly. From the thermal properties of the twisted CNTs, it is suggested that zigzag CNTs maybe have better mechanical property than armchair CNTs. For the distortion in longitudinal and transverse direction, the thermal conductivity increases lightly with XY-distortion and decreases rapidly with Z-distortion.
